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1.0 Introduction. Large-scale production of 

plastics developed in the 1950s, and their necessity 

for modern life is visible today, with plastics 

providing functionality in products critical to 

society. An estimated 8.3 billion tons of raw 

plastics had been made through 2017, with over 25 

billion tons projected to be generated by 2050.1 In 

the linear plastic economy model that currently 

defines polymer production, utility, and material 

end of life, nearly all plastics end up being 

landfilled, with only about 10% being recycled.1 

The current polymer system provides an 

opportunity for developing a new, circular plastic 

economy, whereby used plastics can be 

continuously remade into new raw materials in an 

efficient and cost-effective manner.2–6  

Of particular importance for a circular plastic 

economy is polyethylene (PE), which accounts for 

~29% of all plastics that are made and ~51% of all 

plastic packaging.1,7 Plastic packaging, which is 

frequently intended for single-use applications, 

comprises ~38% of all plastic production, making 

it a significant opportunity for plastic recycling.1,7 

Because of the abundance of polyethylene, and in 

particular the low-density variant (LDPE), which 

makes up ~16% of all plastic globally and ~30% of 

all plastic packaging, LDPE is the primary focus of 

this work, though the methods detailed herein can 

be applied to other plastic materials.7,8 

LDPE is not recycled at a rate commensurate 

with its production level due to many challenges in 

the recycling process. Mechanical recycling is the 

most common recycling method, with plastics 

separated by type, melted down, and extruded into 

pellets for sale to manufacturers. But with each 

cycle through the mechanical recycling process, the 

structural integrity of the plastic decreases due to 

polymer chains being inadvertently broken 

down.9,10 Therefore, virgin LDPE must be added to 

recycled LDPE to improve performance, and LDPE 

Abstract. Continued demand for polyolefins can be met by recycling plastic materials back to their constituent 

monomers, ethylene and propylene, via thermal cracking in a pyrolysis reactor. During pyrolysis, saturated 

polyolefin chains break carbon-carbon and carbon-hydrogen bonds, yielding a distribution of alkanes, alkenes, 

aromatic chemicals, light gases, and solid char residue at temperatures varying from 400-800 °C. To design a 

pyrolysis reactor that optimizes the chemistry for maximum yield of light olefins, a detailed description of the 

chemical mechanisms and associated kinetics is required. To that end, the reaction kinetics of isothermal films of 

low-density polyethylene (LDPE) have been measured by the method of ‘Pulse-Heated Analysis of Solid 

Reactions,’ or PHASR, which allows for quantification of intrinsic kinetics via isothermal reaction-controlled 

experimental conditions. The evolution of LDPE films from 20 milliseconds to 2.0 seconds for five temperatures 

(550, 575, 600, 625, and 650 °C) was characterized by measurement of the yield of chromatography-detectable 

compounds (<C20) in addition to the total yield of volatile products. The kinetics of volatile product evolution was 

interpreted via a lumped kinetic model with activation energy 225 ± 16 kJ mol-1, compared with existing kinetic 

models of polyethylene pyrolysis, and validated from first principles. 
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can only pass through this cycle a handful of times 

before its quality is too low for further value-added 

recycling; alternatively, recycled plastics that are 

not mixed with virgin plastic must be ‘downcycled’ 
and used in lower-value applications.9 

Additionally, additives and post-processing 

impurities in plastic streams present further 

challenges for mechanical recycling, and the 

overall economic viability of mechanical recycling 

often suffers due to the need for costly pre-sorting 

stages.11,12 

Alternatively, chemical recycling methods 

decompose polymers back to their constituent 

monomers, which can be reconstituted into new 

polymers without a decrease in polymer 

performance. Through pyrolysis, one such 

chemical recycling method, waste plastics are 

thermally degraded in an inert atmosphere; the lack 

of oxygen prohibits the formation of undesirable 

products like CO, CO2, and oxygen-functionalized 

hydrocarbon species.13 However, the radical 

reactions that occur during pyrolysis generate a 

highly complex mixture of products via a poorly 

understood network of reactions. Figure 1 

illustrates just a few of the numerous compounds 

that have been reported in the literature. In general, 

LDPE first passes through a depolymerized melt-

phase intermediate rich in radical species.14,15 These 

radicals react to form primary products (Figure 1, 

black pathways), after which these primary 

products can also form secondary and higher order 

products (Figure 1, red pathways) through further 

reaction and interconversion.16–22 

Despite consensus on the radical nature of 

polyethylene pyrolysis chemistry, the underlying 

chemical pathways and the extent to which 

different reactions (e.g., H-transfer, β-scission) 

occur remain unknown.21,23–26 Significant variation 

exists in the literature regarding the kinetic 

parameters that define the rate of formation of 

polyolefin chemical products. As evidenced by 

Figure 2, the apparent activation energy and pre-

exponential factor for polyethylene pyrolysis from 

47 different publications and 191 individual data 

points vary predominantly in the range of ~160 to 

~310 kJ mol-1 and 109 to 1021 s-1, respectively; more 

information for this figure is provided in the 

Supporting Information. The discrepancies in 

reported kinetics likely arise from a combination of 

sources.18,20,23,27–31 Polyethylene samples with large 

length scales (i.e., thick films, pellets, packed 

powders) introduce heat and mass transfer 

limitations that exhibit a distribution of reaction 

kinetics throughout a pyrolyzing polyolefin 

particle. Reactor designs with long gas-phase 

residence times can permit secondary and higher 

order reactions, and the distribution of temperature 

within different reactors can limit the transfer of 
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some chemical products to the reactor exit. 

Additionally, some reaction methods, such as 

thermogravimetric analysis (TGA), use a thermal 

ramping (e.g., 10 K min-1) whereby the 

polyethylene sample proceeds through reactions at 

a range of chemistries before achieving the high 

temperatures of interest (>500 °C). Due to these 

experimental limitations, the literature presently 

reports the apparent kinetics of polyethylene 

pyrolysis, as opposed to the intrinsic kinetics, 

which are necessary for elucidating reaction 

pathways and developing scalable, consistent 

reactors for recycling applications. 

To measure the intrinsic kinetics of 

polyethylene pyrolysis, we used an experimental 

system called the Pulse-Heated Analysis of Solid 

Reactions (PHASR) reactor, which eliminates 

transport limitations during polyolefin pyrolysis 

through the use of a thin film sample and rapid 

sample heating and cooling. With integrated 

resistive heating and conductive cooling of the 

reacting sample film, PHASR applies short (20 ms 

to 2.0 s) thermal pulses of defined temperature to 

samples, after which the reacting melt and resultant 

vapor products are thermally quenched and 

analyzed. PHASR was originally developed for 

cellulose pyrolysis32 and has since been redesigned 

for application to polyolefin pyrolysis with higher 

temperatures (>700 °C) and heavier hydrocarbon 

products.8 In this work, application of PHASR to 

LDPE pyrolysis was evaluated to ensure 

isothermal, reaction-controlled operation. 

Thereafter, the rate of formation of products was 

measured for reaction durations of 20 ms to 2.0 

seconds at temperatures from 550 to 650 °C. The 

kinetic results were then compared with 

observations reported in the literature. 

 

2.0 Methods. A complete description of the 

PHASR system is presented elsewhere,8 but the 

method of PHASR is summarized as follows. A 

thin film of LDPE (3.0 mm diameter, 15 µm 
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thickness) was deposited on a passivated carbon 

steel plate. Copper electrodes contacted the plate, 

delivering a pulse of electricity and resistively 

heating it to a desired reaction temperature (up to 

700 °C, in <20 ms) for a desired length of time 

(from 20 ms up to 2.0 s) with a temporal resolution 

of 10 ms. An optical pyrometer directly above the 

sample monitored its temperature for control 

through a 1000 Hz PID feedback loop. Under the 

steel sample plate, a thin piece of aluminum nitride 

ceramic electrically insulated the sample from a 

gold-plated heat exchanger, through which a 

synthetic coolant (Syltherm 800, Dow) 

continuously flowed to rapidly cool the sample 

down to room temperature and quench the reaction 

(<180 ms). The body of the reactor was held at 300 

°C to reduce product condensation, and a constant 

stream of He (~360 mL min-1) flowed across the 

sample to sweep volatile product species into an 

attached gas chromatograph/Polyarc/flame 

ionization detector (GC/PA/FID) for analysis.8 

Samples in this study were prepared from 

LDPE pellets (~2 mm diameter; ~100,000 g mol-1 

Mw determined by light scattering; 0.8 weight% ash 

determined by ICP) provided by the ExxonMobil 

Technology and Engineering Company. These 

pellets were flattened in a Mini-Film Maker 

(Specac, Ltd.; 115 °C, 0.5 tons force, 30 s) into 

discs with a diameter of about 1.5 cm and a 

thickness of about 15 µm, as verified by surface 

profilometry results shown in Figure 3a. A 

circular, 3.0 mm diameter punch was then used to 

cut the final 3.0 mm diameter samples from the 

larger discs for use in PHASR. A modified method 

was used to prepare even thinner samples for 

preliminary testing, whereby the 15 µm thick, 3.0 

mm diameter discs were pressed again in the Mini-

Film Maker (100 °C, 1 ton force, 30 s). The 

resulting film was ~8 µm thick with a diameter of 

~4 mm; surface profilometry results for this are 

shown in the Supporting Information. Finalized 

samples were then weighed on a microgram-

resolution balance (Mettler Toledo XPR2U) to 

precisely determine initial weight; all samples were 

within the range of 80 ± 10 µg. Meanwhile, 1010 

carbon steel plates (1” x 3/8” x 0.007”) were 
cleaned with isopropyl alcohol and passivated with 

a butane torch. The finalized LDPE samples were 

then deposited on the steel plates at 120 °C to 

ensure good thermal contact; a photograph of a 

finished plate with sample is shown in Figure 3b. 

After the LDPE samples were deposited on the 

passivated steel plates, the plates were loaded into 

the PHASR reactor, and reactions were conducted 

in the manner described above, consistent with 

previous work.8 During reaction pulses, the body of 

the PHASR reactor was held constant at 300 °C via 

a series of cartridge heaters located throughout the 

reactor body, and the temperature of the LDPE 

sample was recorded by an optical pyrometer; 

Figure 3c illustrates the reaction progression 

during the experiment. Upon completion of each 

experimental trial, the steel plates were removed 

from PHASR, trimmed to a smaller size (to enhance 

weighing accuracy) and weighed on the XPR2U 

balance. The residue left behind after reaction was 
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then removed by soaking the steel plates in 1,2,4-

trichlorobenzene (TCB, 99%, Alfa Aesar) at 150 °C 

for 15 min. After the plates dried in ambient air, 

they were weighed again; the difference between 

post-reaction weight and post-cleaning weight was 

the weight of residue left behind, and the difference 

between initial sample weight and weight of residue 

left behind was the weight of LDPE that was 

reacted and volatilized. Due to the significantly 

larger mass of steel plate with residue (order 

100,000 µg), all post-reaction measurements with 

the XPR2U balance were conducted in duplicate 

and averaged to enhance precision, with a 

difference between duplicates of <0.5 µg. 

For the present work, at least three individual 

samples for each data point were reacted across a 

range of reaction durations (i.e., 20 ms to 2.0 s, with 

an emphasis on shorter timescales to improve 

resolution of initial reaction kinetics) and reaction 

temperatures (550 to 650 °C in 25 °C increments). 

Products reported herein are categorized as “GC-

detected” (i.e., light species consisting of all 
hydrocarbon products up to C20), “microbalance-

detected” (i.e., heavier species that volatilized off 
the sample plate but condensed within the 

GC/PA/FID), and “residue” (i.e., char, other non-

volatilized species, and any unreacted LDPE left 

behind on the sample plate and removed with TCB 

during the post-reaction cleaning process), as 

described in previous work.8 

 

3.0 Results and Discussion. 

 

3.1 Validation of PHASR Application to LDPE 

Pyrolysis. Isothermal, reaction-controlled 

conditions are required for obtaining intrinsic 

reaction kinetics. To ensure that these conditions 

were met within the PHASR reactor, both 

theoretical and experimental analyses of the 

transport properties of the LDPE samples were 

performed. Figure 4a plots the pyrolysis numbers 

against the Biot number, providing a dimensional 

analysis for heat transport within the LDPE system. 

The two pyrolysis numbers compare the timescales 

of reaction to conduction and convection (PyI and 

PyII, respectively), and the Biot number (Bi) 

compares the timescale of conduction to 

convection. Further detail, including the definitions 

of the dimensionless quantities and selected 

parameters, is provided for these calculations in the 

Supporting Information. The top left quadrant of 

Figure 4a, outlined in red, depicts the isothermal, 

reaction-controlled regime, in which conductive 

heat transport is faster than convective heat 

transport, and convective heat transport is much 

faster than reaction. This order of magnitude 
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estimate indicates that LDPE samples up to order 

100 µm in thickness can be pyrolyzed at 

temperatures up to 700 °C to obtain intrinsic 

kinetics. A similar approach can be taken to 

dimensionally analyze mass transport within an 

LDPE film sample; Figure 4b plots the Damköhler 

number against the characteristic length scale of the 

sample (i.e., sample thickness). Calculations for the 

Damköhler number are provided in the Supporting 

Information. The order of magnitude estimate of 

Figure 4b indicates that a sample thickness of 15 

µm will permit diffusion of alkanes orders of 

magnitude faster than the reaction timescale. Both 

of these analyses rely on estimates of the 

parameters of reaction, heat, and mass transfer, 

provided elsewhere in the literature and identified 

in the Supporting Information. 

Further analysis was conducted using a 1-D 

heat transfer simulation in MATLAB. The 

simulation of a film of low-density polyethylene 

accounts for the reaction kinetics throughout the 

film, heat conduction through the film, and heat 

transfer at the film/reactor and film/vapor 

interfaces. Complete details for the simulation can 

be found in the Supporting Information, including 

the selected simulation parameters. Figure 5a plots 

the temperature profile through the film after 

varying reaction pulse durations for 15 µm thick 

LDPE samples. After just 20 ms, samples are within 

about 100 °C of the 500 °C reaction temperature of 

the sample plate, and they approximately reach that 

set point within 30 ms. The importance of sample 

thickness is further substantiated by Figure 5b, 

which plots the same data as Figure 5a, but for a 

sample that is 100 µm thick instead of 15 µm. It is 

clear that even after 100 ms, this thicker film 
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remains over 100 °C cooler than the desired target 

temperature of 500 °C. Finally, Figure 5c 

summarizes the effects of sample thickness by 

comparing simulated temperature profiles through 

film samples from 15 to 500 µm in thickness. From 

this data, samples with thicknesses up to 25 µm 

demonstrate negligible heat transport limitations 

and maintain a uniform vertical temperature profile 

at the target temperature of the sample plate. 

Because the results discussed thus far are order 

of magnitude estimates that rely on literature 

values, it was necessary to verify the predictions via 

experimental testing with the PHASR system. 

LDPE films were prepared with thicknesses from 8 

to 100 µm, and at least three reactions for each 

thickness were conducted in the PHASR reactor for 

100 ms at 650 °C. For each LDPE film sample, the 

product yield was measured by two methods (GC 

and microbalance) and plotted in Figure 6. The 

thinnest LDPE samples, 8 and 15 µm thick, 

produced the same yield of volatile products for 

both GC- and microbalance-detected species, 

indicating that heat and mass transport limitations 

are indeed absent at these sample thicknesses. In 
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contrast, for the 25, 50, and 100 µm thick samples, 

the yield of detectable products monotonically 

decreased, with thicker samples exhibiting 

progressively lower yields as a result of increasing 

transport limitations. From the dimensional 

analyses, heat transfer simulations, and varying 

film thickness experiments in PHASR, it can be 

concluded that the method of LDPE pyrolysis via 

PHASR enables operation under isothermal, 

reaction-controlled conditions, and the results 

obtained from this experimental method are 

intrinsic reaction kinetics. 

 

3.2 Intrinsic Kinetics of LDPE Pyrolysis. Having 

verified the PHASR method is capable of 

pyrolyzing LDPE under isothermal, reaction-

controlled conditions, a series of experiments was 

performed to measure the intrinsic reaction kinetic 

parameters. LDPE pyrolysis reactions were 

performed for reaction conditions spanning 550-

650 °C and 20-2000 ms. The complete data set for 

these experiments is presented in Figure 7. GC-

detected results are shown in Figure 7a and 

correspond to all detectable volatile products up to 

C20, while microbalance-detected results are 

shown in Figure 7b and correspond to yields based 

on the amount of remaining mass post-reaction. In 

both cases and for all evaluated temperatures, the 

observed yield achieves a maximum between about 

180 ms (at 650 °C) and 500 ms (at 550 °C). Further 

increase of the GC- and microbalance-detected 

products is not detected within experimental error 

of the measurement at longer reaction times up to 

2.0 s. This is consistent with the formation of 

residue on the passivated steel plate after reaction 

at all combinations of time and temperature, other 
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than at 650 °C after 180 ms of reaction; at 650 °C, 

the steel plates have no visible residue left behind, 

but a small amount is observed to be removed 

during the TCB cleaning process. 

Using the yield data of Figures 7a and 7b, 

several kinetic fitting models were evaluated via 

minimization of model/data error (i.e., best fit). 

Complete details for the kinetic fitting process are 

provided in the Supporting Information, but a first 

order consumption model, shown in Equation 1, 

was selected for the final fitting, since it both fit the 

data and is consistent with the reaction mechanisms 

of primary LDPE pyrolysis. 

 

 𝑌(𝑡) = 1 − 𝑒−𝑘𝑡 (1) 

 

In Figures 8a and 8b, the yield data shown in 

Figure 7 has been truncated to focus on the initial 

region of short reaction time data that was used for 

kinetic parameter fitting, in which increasing 

reactivity was observed. In these plots, the model is 

plotted as a solid line for each temperature, and 

errors for the model are plotted as dashed lines. 

After fitting, an Arrhenius plot was generated for 

both the GC- and microbalance-detected data sets, 

as shown in Figure 8c. From the GC analysis, an 

activation energy (𝐸𝑎) of 178.6 ± 2.5 kJ mol-1 and 

pre-exponential factor (reported in log form, ln(𝐴)) 
of 25.3 ± 0.6 ln(s-1) were calculated, and from the 

microbalance analysis, the calculated values were 

224.9 ± 15.7 kJ mol-1 and 32.6 ± 2.0 ln(s-1), 

respectively. Additional detail about the Arrhenius 

parameter fitting is provided in the Supporting 

Information. 

It is important to note that the microbalance 

analysis is more applicable to the overall intrinsic 

initial reaction kinetics of LDPE pyrolysis, as the 

microbalance-detected species encompass all 

products capable of volatilizing at a given reaction 

temperature. The GC analysis, as mentioned 

previously, captures product species up to C20 

relevant for understanding the intrinsic initial 

reaction kinetics of light species production. 

 

3.3 Comparison of Results to Literature Data. As 

shown in Figure 2 and discussed previously, 

significant variation exists in the literature for the 

kinetic parameters of polyethylene pyrolysis. 

Apparent kinetics have been reported with results 

unique to the particular system under study. Figure 

2c combines information from Figures 2a 

(literature-reported activation energy) and 2b 

(literature-reported pre-exponential factor) into one 

graph, known as a ‘compensation plot,’ with 
additional information on reactor type (data point 

outline color), maximum reaction temperature (data 

point fill color), and sample size (data point size). 

‘Reactor type’ was broadly divided into three 
categories: computational work and kinetic 

modeling, thermogravimetric analysis (TGA), and 

“custom,” which accounts for all other 
experimental, non-TGA setups. Note that data point 

size is plotted on a log scale, though the smallest 

data points were reserved for studies that did not 

report sample size directly as mass. The kinetic data 

has also been converted to activation entropy (𝛥𝑆, 

corresponding to the right-side axis of Figure 2c) 

to enable calculation of a best fit (black line) for the 

compensation slope, which was determined to be 

801 ± 33 K. Extensive detail about the literature 

used in this analysis is tabulated in the Supporting 

Information. 

In this work, the intrinsic kinetics that have 

been measured are inherent to low-density 

polyethylene. The overall initial intrinsic kinetics 

described here, namely 𝐸𝑎 = 224.9 ± 15.7 kJ mol-1 

and ln(𝐴) = 32.6 ± 2.0 ln(s-1), exist well within the 

range of apparent values reported elsewhere in the 

literature (Figure 2). Similarly, the light species 

initial intrinsic kinetics, namely 𝐸𝑎 = 178.6 ± 2.5 kJ 

mol-1 and ln(𝐴) = 25.3 ± 0.6 ln(s-1), are also 

consistent with the range of reported values. The 

kinetic parameters measured with PHASR for both 

sets of products (GC- and microbalance-detected) 

are toward the center of the distributions reported in 

Figure 2. 

Furthermore, a Rice-Herzfeld radical reaction 

model was derived and applied to a generalized 

polyethylene pyrolysis system. The Rice-Herzfeld 

model is commonly used to describe radical 

reaction systems and simply defines generalized 

radical initiation, propagation, and termination 

steps.14,33 After deriving associated rate equations 

and applying common simplifications, Equation 2 

was obtained as a final rate expression to describe 

polyethylene pyrolysis. 

 

 𝑟𝐴 =
𝑑[𝐴]
𝑑𝑡

= 𝑘2𝑝 (
2𝑘𝑖
𝑘𝑡
)

1
2

(

 [𝐴]
3
2

1 +
𝑘2𝑝
𝑘3𝑝

[𝐴]
)

  (2) 
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In this equation, rate constants can be seen for 

initiation (𝑘𝑖), propagation (𝑘2𝑝 and 𝑘3𝑝), and 

termination (𝑘𝑡) steps, with species 𝐴 identifying 

the original LDPE polymer. Equation 2 can be 

further simplified to estimate apparent activation 

energies using DFT-calculated values for 

individual steps. In particular, DFT simulations 

were used to estimate activation energies for 

elementary alkane C-C bond cleavage (for 𝑘𝑖; ~360 

kJ mol-1), hydrogen abstraction from alkanes (for 

𝑘2𝑝; ~48 kJ mol-1), and alkane radical 𝛽-scission 

(for 𝑘3𝑝; ~120 kJ mol-1). Termination reactions 

joining two radical species were assumed to have 

negligible energetic penalty (i.e., 𝑘𝑡 was assumed 

to have an activation energy of 0 kJ mol-1); 

however, different termination reactions (i.e., 𝛽𝛽, 

𝛽𝜇, and 𝜇𝜇) correspond to different reaction 

mechanisms. The calculation of overall apparent 

activation energy therefore changes based on which 

termination mechanism is assumed dominant, and 

using this approach, apparent activation energies of 

228, 264, and 300 kJ mol-1 were estimated for 𝛽𝛽-, 

𝛽𝜇-, and 𝜇𝜇-dominant termination mechanisms, 

respectively. All of these values, estimated from 

first principles calculations, are consistent with the 

range of literature-reported values (Figure 2) and 

with the experimentally-determined values from 

the PHASR system. Full details regarding the Rice-

Herzfeld model, derivation of Equation 2, 

application of DFT-calculated values, and 

comparison with PHASR data are provided in the 

Supporting Information. 

Finally, the formation of unreactive residues at 

the temperatures in this study also has precedent in 

the literature. A number of studies report residue 

and char formation to varying degrees.18,34–44 Heat 

and mass transfer limitations in other studies 

convolute product distributions due to extensive 

capability for secondary reactions (i.e., additional 

reactions of volatile components within the melt 

phase). Long residence times and non-uniformity in 

reporting product fractionation (i.e., identifying 

different product classes, such as “wax,” “tar,” and 
“residue,” is not standardized) also complicates 
comparison with the literature. Significant 

unsaturation and aromaticity has been reported in 

residues and chars formed across a wide range of 

temperatures (300-800 °C),18,34–44 typically 

attributed to short chain olefins enabling some 

combination of: 1) hydrogen abstraction and 

acetylene addition, and 2) dehydrogenation and 

Diels-Alder condensation.18,36,39 Additionally, the 

extent of residue formation appears to be a 

nonlinear function of temperature. At lower 

temperatures (<420 °C), residue has been shown to 

account for over 80% of total yield, even after 

reaction durations over one hour.34 At intermediate 

temperatures (~425 to ~500 °C), significant 

amounts of alkenes and aromatics are still present, 

accounting for up to ~20% of total yield.39,44 From 

~500 to ~650 °C, residue formation reaches a 

minimum,37,42 and then aromatics content begins 

increasing again as temperatures increase up to 

~800 °C and beyond.35,40,42 Again, it is important to 

note that the product fractionation reported 

elsewhere is not necessarily directly comparable 

with the results from PHASR, but the trends 

highlighted above are generally consistent with the 

plateauing yields and residue formation observed in 

these studies with PHASR. 

 

3.4 Analysis of Pyrolysis Residues. Due to the 

existence of residue after pyrolysis at all reaction 

conditions other than at 650 °C beyond 100 ms, 

efforts were made to characterize this residue. The 

primary challenge in this regard is the small amount 

of sample required to maintain isothermal, reaction-

controlled operation in PHASR. With PHASR 

LDPE samples initially being 80 ± 10 µg, residues 

left after reaction are of order 10 µg. These residues 

are attached to the passivated sample plate and 

behave like char. During initial testing for possible 

cleaning procedures, scraping the residue with 

tweezers or other instruments proved unsuccessful, 

and the only solvent able to completely remove it 

within a reasonable timeframe was heated 1,2,4-

trichlorobenzene (TCB). Photographs taken 

through an optical microscope are shown in Figure 

9 and illustrate the different appearance of the 

residues after reaction durations of 20 and 2000 ms 

at 550 °C. The LDPE sample reacted for 20 ms at 

550 °C (Figure 9a) has evidence of bubbling 

caused by gas and vapor species volatilizing off the 

passivated steel plate, and the sample retains its 

original ~3.0 mm diameter round shape, similar to 

an unreacted LDPE film. In contrast, the LDPE 

sample reacted for 2000 ms at 550 °C (Figure 9b) 

has deformed significantly, and parts of it are dark 

and demonstrate a char-like appearance. Sample 

movement is an indication of a possible Leidenfrost 

effect, something that was reported with LDPE at 
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intermediate temperatures (particularly in the ~550-

600 °C range) for the first time in a previous work.8 

Because samples are small and the cleaning 

process requires soaking in non-negligible amounts 

of TCB, dissolved residues were very dilute (~1 µg 

mL-1) and unable to be characterized via traditional 

means like liquid chromatography (LC) or gel 

permeation chromatography (GPC), which require 

concentrations of ~1 mg mL-1 to be effective. 

Preliminary testing was conducted with thicker 

LDPE films (250 µm thick) to enable 13C solid state 

NMR analysis, but the previously-discussed 

transport limitations arising at this thickness 

ensured that most of the film remained unreacted, 

and the resulting NMR spectrum was comparable 

to that of unreacted LDPE. Thermogravimetric 

analysis (TGA) was also conducted with the 

residues, but it proved similarly unsuccessful, 

primarily due to: 1) inaccurate weight measurement 

during heating ramps (the mass of residue was order 

10 µg, versus a steel plate mass of order 10 mg), 

and 2) residual oxygen on the steel surface 

facilitating residue burn off. Additionally, Raman 

spectroscopy was conducted on residues after 550 

°C reaction for durations between 20 and 2000 ms, 

as well as on an unreacted LDPE film and a bare 

steel plate. In all cases other than the bare plate, the 

same spectrum of peaks was observed. Further 

detail on the NMR, TGA, and Raman studies is 

provided in the Supporting Information. 

ATR-IR spectroscopy and Advanced ATR-IR 

Corrected spectroscopy were conducted on the 

same set of samples used for Raman spectroscopy, 

with additional detail available in the Supporting 

Information. Figure 10 highlights the key infrared 

spectroscopy results. For all reacted samples, new 

peaks emerged at 1641, 991, and 908 cm-1 that did 

not exist in the original, unreacted LDPE sample. 

These peaks correspond to aromatic and multi-

substituted alkene species.45,46 The IR spectra are 

consistent with the formation of unsaturated 

1 mm

1 mm

B

A

Figure 9. Images taken with a 5x lens after reaction in 
PHASR using an optical microscope. (A) Low-density 
polyethylene sample after 20 ms of reaction time at 
550 °C. (B) Low-density polyethylene sample after 2.0 
s of reaction time at 550 °C. 

Figure 10. Advanced attenuated total reflectance 
infrared (ATR-IR) corrected spectroscopy of low-
density polyethylene samples after reaction at 550 °C 
for varying durations (20 ms to 2000 ms, various 
colors), along with an unreacted sample (black) for 
comparison. All reacted samples were analyzed after 
quenching to room temperature within the PHASR 
reactor. 
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precursors to polyaromatic char product that yields 

a maximum in conversion to volatile products, as 

observed in Figures 7a and 7b in the first two 

seconds of reaction. 

 

3.5 Secondary LDPE Pyrolysis Kinetics. The solid 

residue formed in the first two seconds of reaction 

by PHASR, which has a lower degree of saturation 

as shown by spectroscopy, could be an endpoint of 

the reaction, or it could continue to react with new 

chemistry at a slower timescale not detectable in the 

temporal range of the PHASR reactor. The PHASR 

experimental power controller is designed for 

powerful, millisecond pulses of electrical current, 

and an inbuilt safety function that cannot be 

circumvented prohibits pulses longer than 2.0 s, as 

described elsewhere.8 Therefore, reaction durations 

longer than 2.0 s at 550-650 °C with a single 

PHASR pulse cannot be conducted with the current 

millisecond controller setup. 

To probe the stability of the solid residue, an 

exploratory experiment was conducted that 

consisted of successive PHASR pulses to solid 

LDPE pyrolysis residue. The challenge of this 

experimental sequence exists with the PHASR 

sample plate; the passivated steel plates, which are 

only 0.007” thick, experience extreme electrical 
and thermal stresses during repeated electrical 

pulsing (i.e., heating to >550 °C in <20 ms via a 

~1.3 kA current, maintaining temperature for 2.0 s, 

cooling to room temperature in <180 ms). Of the 

dozens of samples that have undergone multiple 

pulse testing, only one PHASR plate with LDPE 

sample residue has remained intact for greater than 

four 2.0 s pulses (8.0 s cumulative reaction time), 

even at reduced temperature (500 °C) to require 

slightly less current being applied (~1.2 kA instead 

of ~1.3 kA). The results of this experiment are 

shown in Figure 11, which demonstrates the 

cumulative yield of GC-detected species up to 40 s 

via 20 successive reaction pulses at 500 °C (2.0 s 

per pulse). Consistent with the reactions at 550-650 

°C, the first two seconds of PHASR pulse at 500 °C 

(Figure 11, leftmost data point) produced only a 

small amount of GC-detectable products (~1.5%). 

However, the successive 19 PHASR pulses at 500 

°C for 2.0 s indicated that the solid residue 

continued to react with monotonically increasing 

cumulative yield of GC-detectable products, with a 
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Figure 11. Cumulative yield of a low-density 
polyethylene film over the course of 20 successive 
reaction pulses, each of temperature 500 °C and 
duration 2.0 s, for a cumulative reaction duration of 40 
s. The passivated steel plate failed on the 21st reaction 
pulse. 

Low Density

Polyethylene

Polyethylene

Residue

Polyethylene

Char

Gases & 

Vapors

millisecond 
kinetics

second 
kinetics

= 225  16 kJ mol-1

Scheme 1. Pyrolysis of low-density polyethylene exhibits millisecond kinetics at 550-650 °C to form gases, vapors, 

and polyethylene residue, after which slower decomposition kinetics produce gases, vapors, and char on the 

timescale of seconds. 
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final observed cumulative yield of ~6.5% before 

plate failure. 

The continued reactivity of solid residue 

produced in the PHASR reactor after 2.0 s indicates 

the existence of a second set of pyrolysis reactions 

that are much slower than the millisecond reactions 

that occur in the first ~0.5 s of LDPE pyrolysis. As 

observed in Figure 7, yields for both GC- and 

microbalance-detected species plateaued at a 

maximum yield for all evaluated temperatures 

during one reaction pulse of duration 2.0 s. During 

this initial two seconds, the spectroscopic results of 

Figure 10 indicate that the original solid LDPE 

increases in degree of unsaturation, concomitant 

with the formation of a dark, char-like color visible 

in microscope photographs (Figure 9). The 

secondary solid-phase reactions are thus likely 

significantly slower due to the chemical nature of 

the pyrolysis residue. As depicted in Scheme 1, 

LDPE pyrolysis at temperatures of 550-650 °C can 

be depicted as a two-part lumped reaction system; 

millisecond kinetics initially yield gases and vapors 

with an accompanying pyrolysis residue, which 

further reacts on the timescale of seconds to form 

additional vapors and gases with a solid, unreactive 

char. Future work will utilize a new PHASR 

controller system that permits quantitative kinetic 

measurements of the slower, second-timescale 

kinetics of LDPE pyrolysis. 

 

4.0 Conclusions. Pyrolysis of low-density 

polyethylene (LDPE) has been evaluated in the 

temperature range of 550-650 °C for reaction 

durations of 20 ms up to 2.0 s using the method of 

Pulse-Heated Analysis of Solid Reactions 

(PHASR). The PHASR system reacts LDPE film 

samples ~15 μm thick in the absence of heat and 

mass transfer limitations, as confirmed by 

experiments with LDPE samples of varying 

thickness. The intrinsic kinetics of LDPE pyrolysis 

were measured via two reaction metrics: 1) the 

quantity of detectable products quantified in a gas 

chromatograph up to C20, and 2) the quantity of 

material that volatilized from the sample plate as 

detected by post-reaction measurements with a 

microgram-resolution balance. Both methods 

indicate incomplete conversion of LDPE to volatile 

products at temperatures of 550-625 °C for reaction 

durations of up to 2.0 s; only pyrolysis of LDPE at 

650 °C achieved complete volatilization, which 

occurred after ~100 ms. When fit to a first order 

lumped reaction model with rate coefficient, 𝑘, the 

millisecond kinetics of volatile product formation 

based on microbalance-detected products exhibited 

an intrinsic activation energy of 225 ± 16 kJ mol-1. 

The resulting solid residue after two seconds of 

reaction exhibited a darker color than the original 

LDPE sample, and infrared spectroscopy indicated 

an increase in the degree of unsaturated bonds. The 

slower, secondary chemistry of LDPE pyrolysis 

residue, occurring over seconds of time, will be the 

focus of future work. 
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